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INTRODUCTION
Paths to the unknown: dispersal during the early life of ﬁshes1
Hubert Keckeis, Catriona Clemmesen, Paul Humphries, and Su Sponaugle
Abstract: The special issue brings together selected contributions from the 39th Annual Larval Fish Conference hosted by the
University of Vienna, Austria, and presents the latest research and understanding of dispersal patterns and processes of early life
stages of ﬁshes of various aquatic environments around theworld (open ocean, coastal areas, estuaries, and rivers). An important
component of this compendium is to indicate new approaches and to outline the importance of integration of information about
movements and dispersal for recruitment, population dynamics, species conservation, and management issues.
Résumé : Le présent numéro spécial réunit des communications choisies présentées au 39e congrès annuel sur les larves de
poisson, qui s’est tenu a` l’Université de Vienne (Autriche), et présente les plus récents travaux, et la compréhension qui en
découle, sur les motifs et processus de dispersion des premiers stades de vie de poissons de différents milieux (haute mer, zones
littorales, estuaires et rivières) aux quatre coins du monde. Un aspect important de ce recueil est qu’il décrit de nouvelles
approches et souligne l’importance de l’intégration de l’information sur les déplacements et la dispersion pour l’étude du
recrutement, de la dynamique des populations, de la conservation des espèces et des enjeux touchant a` la gestion. [Traduit par
la Rédaction]
The special issue brings together selected contributions from
the 39th Annual Larval Fish Conference hosted by the University
of Vienna, Austria, and presents the latest research and under-
standing of dispersal patterns and processes of early life stages of
ﬁshes. The main aim was to identify and describe the abiotic (e.g.,
temperature, habitat, hydraulics, hydrodynamics) and biotic (e.g.,
growth, feeding, genetics, energetics, species speciﬁcity, species
interactions, development, morphology, life history) factors that
inﬂuence the capacity or outcome of larval ﬁsh dispersal patterns
and processes. An important component of this compendium is to
outline the consequences of these ﬁndings for recruitment, pop-
ulation dynamics, conservation, and management in different
aquatic environments around the world.
Overall, 15 contributions from 13 countries present information
about changing morphometric relationships during early ontog-
eny and the consequences for dispersal, ﬁeld observations of spa-
tiotemporal dispersal patterns in rivers, estuaries, and oceans,
extent of and connectivity with spawning grounds, patterns of
settlement (recruitment) to reefs, behavior patterns of ﬁsh larvae
in ﬂow, and dispersal modelling (Table 1). The largest number of
the studies was conducted in freshwater environments, seven in
rivers and one in a ﬂuvial lake, followed by investigations in ma-
rine environments (ﬁve), and two that analyzed the spatiotempo-
ral distribution of larvae in estuaries. Ten of the studies were
conducted in the ﬁeld; three studies report ﬁndings of in vitro
experiments and cultured individuals, and two studies summa-
rize published knowledge about larval dispersal in oceans and
rivers. The primary method for obtaining information about dis-
persing larvae is active net sampling in the marine environment
and passive drift nets in rivers (Table 2). The length of studies
ranges between 1 and 12 months: ﬁve studies focus on a single
species; two studies focus on catadromous eels; and eight studies
examine multispecies assemblages.
Knowledge of the dispersal ecology of the early life stages of
ﬁshes is urgently needed (Lechner et al. 2016) for further under-
standing of population dynamics, for environmental protection
and species conservation, for ﬁsheries management, and restora-
tion ecology. Previous studies have revealed high larval mortality
rates and, despite highly variable hydrodynamic conditions, un-
expectedly high levels of self-recruitment in several oceanic envi-
ronments (coastal and reef systems; Pineda et al. 2007). Studies in
fast-ﬂowing rivers, where most offspring are assumed to be trans-
ported downstream, have revealed that early stages can settle in
close vicinity to release points or even move upstream in the
nearshore zones (Schludermann et al. 2012). To obtainmore infor-
mation on recruitment and population connectivity, knowledge
of the origin of larvae (i.e., location and extent of spawning
grounds, time of reproduction), their trajectories from spawning
areas to nursery habitats (path, duration, distance), as well as
information about the quantity and speciﬁc characteristics of dis-
persers is critical. Early paradigms of passive dispersal of early
stages of ﬁsh have been challenged by ﬁndings that clearly
showed the capacity of larvae to orient and move directionally
towards nursery habitats (Leis et al. 2011). Irrespective of the sys-
tem (marine–freshwater, lotic–lentic), the knowledge of species-
speciﬁc, autecological requirements of spawning areas, connectivity
between spawning areas and nursery habitats, as well as survival
during drift periods is still rather limited.
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Deﬁning the area of reproduction remains a challenging re-
search topic in many different aquatic systems (oceans, rivers,
lakes), as information necessary for conservation and manage-
ment for many species is simply not available in the required
detail. In this issue, three studies present new information about
the sources of larval production. Höfﬂe et al. (2018) show that
although the spawning grounds of commercially important dem-
ersal ﬁsh species in the North Sea appear broadly constant, the
centers of egg abundance vary yearly. Moreover, environmental
factors, such as temperature, salinity, bottom depth, and density
gradient, were important explanatory variables for the probabil-
ity of occurrence and abundance of eggs. Lazartigues et al. (2018)
used biochemical analysis of otoliths to measure the contribution
of different spawning areas to the yearly production of a species of
high ﬁsheries importance. This study provides, for the ﬁrst time,
detailed, qualitative, and quantitative information on the recruit-
ment process with regard to the connectivity of spawning areas
and nurseries in a large ﬂuvial lake system. These data are essen-
tial for the management and rebuilding of the ﬁsh stocks and
shed new light on ﬁsh population dynamics in large freshwater
systems.
Another approach by Westerberg et al. (2018) to locate the
spawning area and time of European (Anguilla anguilla) and Amer-
ican (Anguilla rostrata) eels used backtracked trajectories and
spawning times back-calculated from individual length and
growth rates to show that a large portion of the larvae are trapped
in a retention area south of the Subtropical Frontal Zone. There is
large interannual variability in the leptocephali that escape and
become entrained in the Gulf Stream system, due to prevailing
oceanographic and climatic factors that alter the dispersion from
the retention area. Miller and Tsukamoto (2017) review the state of
knowledge of the biology and ecology of oceanic dispersal of lep-
tocephali, summarizing information on spawning areas, food and
feeding, transport, and the consequences for recruitment.
Whereas retentionmay be disadvantageous for eel larvae, these
mechanisms play an important role in self-recruitment in ocean-
ographically dynamic regions. Shulzitski et al. (2018) demonstrate
the importance of mesoscale eddies for retention of locally
spawned larvae. They describe species-speciﬁc and temporally
variable impacts of these vortices on larval distribution and trans-
port and differences in larval survival inside and outside of eddies.
Retention mechanisms also may play a crucial role for dispersal
and recruitment for ﬁsh inhabiting lotic freshwater environ-
ments (Schiemer et al. 2001).
Owing to the continuous movement of water, it has been as-
sumed that early stages of ﬁsh in rivers behave like passive parti-
cles. Pavlov and Mikheev (2017) outline how the drift of larvae
from several riverine ﬁsh species in different rivers reﬂect move-
ments between well-deﬁned habitats and that the adaptive value
of downstreammigration is not only for dispersal. Bymaintaining
aggregations and synchrony of migratory activity, downstream
movement also promotes the integrity of the populations. An
experimental study by Zens et al. (2018) that analyzed individual
movement trajectories of a ﬂuvial ﬁsh species showed that swim-
ming activity, direction of movement, and orientation towards a
current vector led to larval dispersal paths and distances that
deviated from those of passive particles, even at overcritical cur-
rent situations. The movement patterns observed in this study
Table 1. Research topic, corresponding author, type of study, and site of investigation of all contributed papers for the special issue on dispersal
of larval ﬁsh.
Topic
Corresponding
author Environment Approach
Country or
area
Investigation
site(s)
Character synchronization and early
allometric growth patterns
Gisbert, Enric Fresh water In vitro study Iran Open ﬂow tanks
Modelling the dispersal of riverine ﬁsh
larvae
Glas, Martin Fresh water In vitro experimental
study
Austria Racetrack ﬂume
Spatial distribution patterns and dispersal
during the egg phase as an indication
for spawning ground extent
Höfﬂe, Hannes Marine—
North Sea
Field study North Sea North Sea
Temporal variability of larval drift Lagarde,
Raphael
Fresh water—
river
Field study La Réunion Mât River
Otolith microchemistry to identify sources
of larval production
Lazartiques,
Angelique
Fresh water—
ﬂuvial lake
Field study Canada Lake Saint-Pierre
The inﬂuence of discharge, current speed,
and development on the downstream
dispersal of larvae
Lechner,
Aaron
Fresh water—
river
Field experimental
study
Austria River Danube
Downstream migration and mechanisms
of dispersal of young ﬁsh
Mikheev,
Victor
Fresh water—
river
Review Russia Upper and lower
Volga, Kol’ River
The ecology of oceanic dispersal and
survival of anguillid leptocephali
Miller, Michael Marine—
open ocean
Review North Atlantic
Ocean, Indo-
Paciﬁc
Sargasso Sea, West
Sumatra, South
China Sea, Java
Sea, Banda Sea
Clustered reef ﬁsh recruitment Piercy, Julius Marine Field study Indonesia Hoga Island
Larval ﬁsh dispersal along an estuarine–
ocean gradient
Ramos, Sandra Estuarine Field study Portugal Lima estuary
Dispersal and distribution of larval ﬁsh Rousseau,
Yann
Estuarine Field study French Guiana Mahury River
Estuary
Mesoscale eddies as retention mechanisms
for ﬁsh larvae
Shulzitski,
Kathryn
Marine—
coastal area
Field study USA Strait of Florida
Tracing the drift of eel larvae during the
year of spawning
Westerberg,
Hakan
Marine—
open ocean
Field study North Atlantic
Ocean
Sargasso Sea
Inﬂuences of the Three Gorges Dam on
drifting larvae
Xie, Songquang Fresh water—
river
Field study China Middle Yangtze
River
Movement patterns and rheoreaction of
larvae of a ﬂuvial specialist
Zens, Bernhard Fresh water—
river
In vitro experimental
study
Austria Racetrack ﬂume
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Table 2. Basic information about sampling method, sampling periods, investigated taxa or species, and applied analysis techniques.
Topic Sampling method
Sampling
period Daily period
Sampling
interval Parameter Taxa
Species
identiﬁcation
Analysis–statistical
procedures
Character
synchronization
and early
allometric
growth patterns
Dip net (ﬁsh culture) Hatching–
50 days
posthatch
— Daily Morphometric
characters;
total length
Acipenser stellatus — Allometric growth
model; piecewise
linear regression
analysis; principal
component
analysis (PCA)
Modelling the
dispersal of
riverine ﬁsh
larvae
Video recordings 23–43 days
posthatch
Day–night Daily Individual position;
movement
pattern
Chondrostoma nasus — 3D hydrodynamic model
RSim-3D; numerical
particle tracing
model; raster-based
analysis of movement
patterns
Spatial distribution
patterns and
dispersal during
the egg phase as
an indication for
spawning
ground extent
Gulf III–Nackthai;
Gulf VII; bongo;
WP2 nets
January–March — — Eggs·m–2 Gadus morhua,
Melanogrammus
aegleﬁnus,
Merlangius
merlangus,
Pleuronectes
platessa
Identiﬁcation key;
genetic
ﬁngerprinting
(cytochrome b
PCR–RFLP)
Spatial autocorrelation
(Moran’s eigenvector
maps); generalized
additive mixed
model (GAMM)
Temporal
variability of
larval drift
Drift net 12 months 24 h Each 2–4 h for
1–20 min
Larval ﬂow, qlarvae
(individuals·s–1)
Sicydiinae DNA Periodic linear
regression
Otolith
microchemistry
to identify
sources of larval
production
Push-net trawls May–June;
October
Day — Individuals per
volume; otolith
microchemistry
Perca ﬂavescens Identiﬁcation key Multivariate analysis of
variance (MANOVA);
regularized
discriminant analysis
The inﬂuence of
discharge, current
speed, and
development on
the downstream
dispersal of larvae
Drift nets April–June Dusk–
midnight
Hourly Individuals per
volume (i.e.,
individuals·
100 m–3)
Chondrostoma nasus — Mark–release–recapture
approach; differences
between recaptured
larvae and passive
particles; generalized
linear model (GLM)
Downstream
migration and
mechanisms of
dispersal of
young ﬁsh
Drift nets May–August Day–night
(24 h)
Hourly Individuals;
hormonal state
Multitaxa— species Identiﬁcation key Temporal and spatial
occurrence and
abundance
The ecology of
oceanic dispersal
and survival of
anguillid
leptocephali
Various — — — Various Several Anguilla
species
— Spatiotemporal
distribution and
dispersal; modelling
dispersal; inﬂuences
on survival
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Table 2 (concluded).
Topic Sampling method
Sampling
period Daily period
Sampling
interval Parameter Taxa
Species
identiﬁcation
Analysis–statistical
procedures
Clustered reef ﬁsh
recruitment
Stobutzki and Bellwood
light traps
July–August Dusk–
midnight
15 min Fish counts Multitaxa— species Identiﬁcation key Index of aggregation;
distance to crowding
index; degree of
clustering; spatial
analysis by distance
indices (SADIE
association index)
Larval ﬁsh
dispersal along
an estuarine–
ocean gradient
Towed plankton net;
Bongo net; ﬁtted with
ﬂowmeters
April Day–night
(24 h)
Continuous Individuals per
volume (i.e.,
individuals·
100 m–3)
Multitaxa— species Identiﬁcation key Kruskal–Wallis analysis
of variance ANOVA;
canonical
correspondence
analysis (CCA)
Dispersal and
distribution of
larval ﬁsh
Towed plankton net
combined with a ﬂow
meter
12 months Daytime
during the
ebb tide
Each new moon,
one sample
per site on
3 consecutive
days
Individuals per
volume (i.e.,
individuals·
100 m–3)
Multitaxa— species Identiﬁcation key Permutational
multivariate analysis
of variance
(PERMANOVA);
principle component
analysis (PCA); CCA
Mesoscale eddies
as retention
mechanisms for
ﬁsh larvae
Multiple opening closing
net and environmental
sensing system
(MOCNESS); modiﬁed
inshore frame net
May–August — — Larvae·m–2; age Multitaxa— species Identiﬁcation key ANOVA; PCA; analysis of
similarity (ANOSIM);
similarity
percentages (SIMPER);
nonmetric
multidimensional
scaling (NMDS)
Tracing the drift of
eel larvae during
the year of
spawning
Isaacs–Kidd midwater
trawl (IKMT)
3 consecutive
years for
March–April
— — Individual position;
total length;
growth rate
Anguilla anguilla,
Anguilla rostrata
Identiﬁcation key;
18S rDNA
genotyping
Backtracking simulation
on the basis of two
ocean models (Hybrid
Coordinate Ocean
Model, operational
Mercator global ocean
analysis and forecast
system)
Inﬂuences of the
Three Gorges
Dam on drifting
larvae
Ichthyologic trap net April–
September
Day–night
(24 h)
(Thrice)
monthly;
every 8 h
Individuals per
volume (i.e.,
individuals·
1000 m–3); otolith
increments
Mylopharyngodon
piceus,
Ctenopharyngodon
idella,
Hypophthalmichthys
molitrix,
Hypophthalmichthys
nobilis
Identiﬁcation key Temporal and spatial
occurrence and
abundance
Movement patterns
and rheoreaction
of larvae of a
ﬂuvial specialist
Video recording 23-43 days
posthatch
Day–night Daily Individual position;
movement
pattern
Chondrostoma nasus — Image analysis;
frequency
distribution; GLM
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served as a basis of a correlated random walk model (Glas et al.
2017), which, when coupled with a 3D hydrodynamic model, en-
able prediction of the effects of discharge, bed morphology, as
well as restoration measures on the distribution patterns of the
early stages of ﬁsh in rivers. Lechner et al. (2018) show in their ﬁeld
experiment that the drift mode and spatial drift patterns of
marked and recaptured larvae differ substantially from simul-
taneously released, passively drifting plastic particles. In this
environment, the interrelationship of discharge and inshoremor-
phology are relevant factors that inﬂuence the dispersal of the
early stages. These ﬁndings have important implications for river
management, especially in light of human alterations in this sys-
tem.
In their study on the drift and dispersal of ﬁsh larvae down-
stream of the Three Georges Dam, China, Song et al. (2018) ob-
served a gradient of larval abundance, a temporal shift of peak
abundance, as well as changes in the growth rates of four ﬁsh
species with increasing distance from the dam. As the reproduc-
tive output from a historical spawning area close to the dam was
reduced, the role and function of tributaries located further
downstream became more important for recruitment of these
important species.
Tributaries play a highly decisive role for amphidromous ﬁsh
species, even in an island environment. Accessibility and connec-
tivity of tributaries have direct effects on the species occurrence
and recruitment. Lagarde et al. (2017) report that larvae of amphi-
dromous gobies predominantly disperse during the period of
highest ﬂow, which can be interpreted as a strategy to reduce the
risk of predator-induced mortality. They show that larval drift
measurements provide qualitative information about spawning
and growing habitats located upstream and enable the evaluation
of species richness of the river system.
River estuaries are important transition zones with a highly
diverse ﬁsh fauna, which beneﬁts from a high productivity, and
serve as nursery areas for marine as well as freshwater species.
Ramos et al. (2017) show that for the dispersal of the offspring of
migrant species, connectivity and seasonal conditions are impor-
tant factors, and Rousseau et al. (2018) found a high portion of
co-occurring species that spend their whole life in the estuary,
probably with a low dispersion of larvae.
Previous literature reviews have suggested that future experi-
mental work should focus on the processes involved in larval ﬁsh
navigation andmotion capacities and their internal state (Lechner
et al. 2016). Such information is essential to improve biophysical
models, which are a powerful tool for understanding dispersal,
andwill shed light onmovement paths and settlement behaviour.
In this context, a detailed knowledge of early ontogeny of a
single species is advantageous, as morphological features corre-
late with the development of sensory, feeding, and respiratory
systems and thus relevant behavioural (orientation) and move-
ment (swimming) capabilities. Eshaghzadeh et al. (2017) apply a
new analytical method that deﬁnes different growth stanzas from
morphometric characters of a highly endangered, commercially
important species. Data from this type of study can be used to
relate the timing of development with ﬁeld observations (i.e.,
initiation of drift, settlement, etc.). Piercy et al. (2018) shed new
light on the process of settlement for ﬁsh settling to reefs. By
increasing the temporal resolution of settlement sampling, they
reveal a highly clustered, species-speciﬁc temporal pattern of set-
tlement.
This special issue presents an update of the urgently needed
knowledge of dispersal ecology of the early life stages of ﬁshes for
further understanding of population dynamics, ﬁsheries manage-
ment, and state of the art drift model development and applica-
tion required for better environmental protection and species
conservation, as well as restoration ecology.
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